Abstract-This brief presents the design of an impulse radio ultra-wideband (IR-UWB) transmitter for low-power, shortrange, and high-data rate applications such as high density neural recording interfaces. The IR-UWB transmitter pulses are generated by modulating the output of a local oscillator. The large area requirement of the spiral inductor in a conventional on-chip LC tank is overcome by replacing it with an active inductor topology. The circuit has been fabricated in a UMC CMOS 180-nm technology, with a die area of 0.021 mm 2 . The temporal width of the output waveform is determined by a pulse generator based on logic gates. The measured pulse is compliant with federal communications commission power spectral density limits and within the frequency band of 3-6 GHz. For the minimum pulse duration of 1 ns, the energy consumption of the design is 20 pJ per bit, while transmitting at 200-Mbps data rate with an amplitude of 130 mV.
I. INTRODUCTION

R
ECORDING neural activities has an essential role in various applications such as brain-machine interfaces (BMI) and monitoring neurological disorders like epilepsy, Alzheimer and Parkinson diseases. In recent years, several implanted neural recordings systems [1] - [6] have been investigated to play an important role in the treatment of neurological diseases.
Thanks to the improvements in electrodes, sensors, and microelectronics, the need for quality and quantity of extracted information has been on the rise. It is thus expected that recording systems improve performances especially in the spatial and temporal resolutions. Those demands drive the technology to implanted systems with new challenges such as power management and wireless communication. Such fully implanted systems require being powered by a battery. This can be achieved by remote powering, an energy harvesting mechanism or a combination of both such that operation for an extended amount of time is guaranteed, without the need for another surgery. The implanted electronics must have a low power implementation because of limited energy source. More importantly, the minimization of temperature elevation in the surrounding tissues is necessary in order not to damage the tissues [7] .
The development of microelectrode arrays addresses the high spatial and temporal resolution requirements. They perform a simultaneous and high-density monitoring of action potentials in distributed brain areas [8] . Data acquired from hundreds of electrodes can quickly reach up to hundreds of megabits per second (Mbps). Those constraints obligate wireless transmitters with high data-rate at low power dissipation for neural monitoring applications. In recent years, several implanted neural monitoring systems have been developed to enable wireless neural activity recording. For example, in the 64-channel wireless micron-scale electrocorticography (μECoG) solution presented in [9] , Miller-encoded serialized data is transmitted at 1 Mbps thanks to a backscattering modulator. As another example, a binary phase-shift-keying (BPSK) modulated transmitter at 2.4 GHz with the capability of delivering data up to 8 Mbps from 8 channels was developed [10] . Further, a neuroelectrical monitoring CMOS system utilized a Manchester-encoded FSK modulation scheme with a carrier frequency at 916.4 MHz and data rate of 1.5 Mbps across a distance of 10 m [11] . Recently, an on-off keying (OOK) modulated transmitter at 430 MHz with a 12 Mbps data rate was verified in in-vivo experiments for epilepsy monitoring [12] .
Higher data rates compared to the conventional narrowband transmitters can be achieved by using pulse-based communication methods instead of carrier-based radios with the cost of limited transmission range. In this kind of wideband data transmission, each symbol is encoded by a train of short pulses. Kiani and Ghovanloo [13] have developed a near-field data transmission across inductive telemetry links based on pulse harmonic modulation with a data rate of 20 Mbps. Impulse radio ultra-wideband (IR-UWB) technology has drawn attention for low power, high data rate communication for implanted systems [14] - [16] even though high absorption loss of body tissue limits the transmission range. There are three main methods for generating UWB pulses: combining filtered edges [14] , combinations of pulses [15] and 1549-7747 c 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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modulating a local oscillator [16] . The filtered combined edges method is desirable for its low power consumption. However, generating FCC compliant pulses requires an area expensive filter implementation [14] . Another low power IR-UWB method combines short pulses using highly digital circuits. However, due to the significant effect of variations between stages on pulse duration and its power spectral density (PSD), this method requires complicated calibrations [17] . A ring oscillator can be used as the local oscillator (LO) to be modulated for pulse generation, but it suffers from instability in frequency. The drawback of LC oscillators as an alternative to ring oscillators is the higher silicon area consumption and power requirements [18] . It has been shown in [19] that a Gaussian pulse shape optimizes for maximum bandwidth and minimum sidelobe leakage to fulfill FCC limits. However, Gaussian pulses require complex circuit design and high power consumption. Triangular shaped pulses can be seen as a favorable alternative, considering the design simplicity, power and area requirements.
In this brief, we present an energy and area efficient, high data rate UWB transmitter based on the modulation of an LO employing an active inductor. Using an active inductor topology overcomes the area limitation caused by the passive inductor in a conventional LC tank while reducing the power consumption [20] . Short pulses with a triangular shape envelope are generated by taking advantage of startup and turnoff periods of the LO. The remainder of this brief is organized as follows. The design of the active inductor-based oscillator is presented in Section II. Section III describes the design for the UWB transmitter. Section IV shows the measurement results from the fabricated chip. Finally, Section V summarizes the contribution of this brief.
II. ACTIVE INDUCTOR BASED LOCAL OSCILLATOR
To decrease the large area consumption associated with conventional spiral CMOS integrated inductors while retaining the start-up behavior of a regular LC tank oscillator, an active inductor can be used. An active inductor is built solely out of transistors and capacitors, thus removing the need for a large area integrated inductor. A significant drawback of the usage of active inductors in RF systems is that they have much worse phase noise performance than their large area inductor counterparts for the same power consumption, as shown in [21] . However, since the IR-UWB technique is pulse based, phase noise is of no concern and active inductors become very attractive.
The schematic of the LO based on an active inductor is shown in Fig. 1 . The active inductor topology introduced by Lu et al. [22] is realized by the transistors M 1 − M 4 and two resistors R. Drain-source and drain-gate parasitic capacitances of the cross-coupled pair of transistors, M 5 and M 6 , constitute an LC tank together with the active inductor. Moreover, M 5 and M 6 provide a sufficient negative conductance to satisfy the Barkhausen criterion by compensating the loss of the LC tank and ensure startup and sustained oscillation. By introducing a current source at the bottom of the LO topology, the oscillator can be turned ON or OFF. Since an active inductor is used in cooperation with the parasitic capacitances of the transistors, an LC start-up and slow-down behavior can be realized without the need for large area integrated passive inductors.
The selection of transistor dimensions, the resistance value, and determination of the oscillation criterion requires a smallsignal analysis. The small-signal model of the active inductor and its equivalent model are shown in Figures 2a and 2b , respectively. Symmetry in the circuit yields the input impedance as For two criteria, 2g m1 + g m3 > R −1 and g m1 < R −1 , the parameters in the equivalent model of the active inductor are given by
This equivalent model indicates the requirement of the negative conductance provided by the cross-coupled pair of M 5 and M 6 . The transconductance g m5 needs to be higher than R −1 p to guarantee the start-up of the oscillation. Transistor M 7 is sized such that it provides the necessary bias current to the LO for the desired oscillation and start-up behavior for incoming short pulses to its gate. Fig. 3 shows the proposed IR-UWB transmitter which includes a pulse generator, an active inductor-based oscillator, and a single stage amplifier constituted by transistors M 8 and M 9 of size 50 / 0.18 μm. The pulse generator is composed of an inverter chain and an AND-gate logic. In the inverter chain, current-starved inverters are used to provide the flexibility of controlling transition times and delays by an external voltage, V ctrl . This feature provides a control over the width of the generated pulse. The AND-gate logic circuit needs to be sized such that the output stage can drive the gate of transistor M 7 for a desired bias current of the LO. The equivalent inductance value L eq is determined as 1.8 nH for the desired operation of the IR-UWB transmitter. The value of the resistor R is chosen as 125 and the transistor sizes used for the active inductor-based oscillator design are reported in Table I .
III. UWB TRANSMITTER DESIGN
The differential output of the oscillator needs to be isolated from the loads to prevent the highly sensitive active inductor to be affected by the load. For isolation of the oscillator and amplification of the output waveform, two single stage amplifiers were utilized, and their drains directly drive the differential loads as shown in Fig. 3 .
IV. MEASUREMENT RESULTS
The proposed IR-UWB transmitter is fabricated using UMC 180 nm 1P6M MM/RF process technology. The total active area occupies only 0.15x0.14 mm 2 . The fabricated chip is shown in Fig. 4 , where the IR-UWB transmitter part is highlighted. The measurements where carried out on a chipon-board package with a 20 GS/s oscilloscope.
The pulse width control voltage, V ctrl , is swept from 1.4 V to 1.8 V, and its effect on the pulse width is shown in Fig. 5 . Increasing the voltage increases the switching speeds of the inverters in the pulse generator and thus makes the pulse width narrower. The relation between the pulse width and its control voltage is almost linear. Since the output waveform depends on the startup and turnoff periods of the oscillator, the change in the pulse width affects also the amplitude of the output signal. the circuit is 27.5 pJ and 20 pJ per bit, for the waveforms in Fig. 6a and 6b , respectively. Fig. 7 shows the corresponding power spectral densities of the FCC-compliant pulses in Fig. 6 . As can be seen in Fig. 7b , the reduction in amplitude and duration of the pulse results in a broader and lower PSD. Since the center frequency is far enough from the lower limit of the FCC mask, the increase in bandwidth does not cause a violation.
The performance of the designed UWB transmitter is summarized and compared with recently published works in Table II . In addition to the energy consumed per bit, a normalized energy metric, which also covers the area occupation and peak-to-peak output voltage, is introduced. The main contribution of this brief is the minimization of the occupied area by using an active inductor-based LO while maintaining a low power consumption and high data rate communication.
V. CONCLUSION
An area and power efficient IR-UWB transmitter has been presented for high data rate communication applications. The short pulses are generated by turning ON and OFF an oscillator. The oscillator is realized by an active inductor and a cross-coupled pair of transistors. The pulse generator is based on logic gates and determines the duration of the oscillation by modulating the bias current. A single stage amplifier is utilized for driving a differential 100 antenna load. The proposed integrated IR-UWB transmitter is fabricated in a UMC 180nm CMOS process occupying a die area of 0.021 mm 2 . The normally required area of 0.045 mm 2 of the foundry provided spiral inductor is reduced to merely 0.003 mm 2 thanks to the active inductor topology. Measurements show that the design dissipates a minimum of 20 pJ/b while transmitting at a 200 Mbps data rate. It is demonstrated that high area consumption of spiral inductors in oscillators may be eliminated while maintaining FCC-compliant UWB operation.
